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Abstract
The tumor suppressor, vitamin D3 up-regulated protein 1 (VDUP1), regulates cell cycle progression by suppressing AP-1-dependent
transcription. Loss of VDUP1 activity is associated with tumorigenesis but little is known about VDUP1 regulatory controls or developmental roles.
Here we show that the Drosophila homolog of human VDUP1 (dVDUP1) is expressed throughout the nervous system at all stages of development,
the first in vivo analysis of VDUP1 expression patterns in the brain. During neurogenesis dVDUP1 expression is transiently down-regulated
coincident with neuroblast delamination. Subsequent to expression of the neuronal marker elav, dVDUP1 is up-regulated to varying degrees in
developing neurons. In contrast, dVDUP1 expression is both robust and sustained during gliogenesis, and the cis-regulatory region of the dvdup1
gene contains consensus binding sites for the glial fate gene reversed polarity (repo). Expression of dVDUP1 in presumptive glia is lost in embryos
deficient for the glial fate genes glial cells missing (gcm) and repo. Conversely, ectopic expression of gcm or repo was sufficient to induce dVDUP1
expression in the nervous system. Taken together, these data suggest a novel role for the dVDUP1 tumor suppressor during nervous system
development as a regulatory target for REPO during gliogenesis.
© 2008 Elsevier Inc. All rights reserved.Keywords: Vitamin D3 up-regulated protein 1; VDUP1; Drosophila; Gliogenesis; REPO; GCM; Tumor suppressorIntroduction
The vitamin D3 up-regulated protein 1 (VDUP1) tumor
suppressor was originally identified in leukemia cells based on
its induction following treatment with 1α,25-dihydroxyvitamin
D3 (Chen and DeLuca, 1994). VDUP1 expression is reduced in
many tumor types and the enforced expression of VDUP1
inhibits tumor growth by blocking cell cycle progression
(Young et al., 1996; Han et al., 2003). Nuclear translocation of
VDUP1 by the α-importin, Rch1 (Nishinaka et al., 2004)
promotes VDUP1 inactivation of thioredoxin (TRX; Nishiyama
et al., 1999), inhibiting TRX-dependent activation of AP-1, a
transcription factor that promotes cell proliferation (Nishinaka
et al., 2004). Inhibitors of histone deacetylase, such as sub-
eroylanilide hydroxamic acid (SAHA), have been shown to up-
regulate VDUP1 expression and inhibit tumor growth by this⁎ Corresponding author. Fax: +1 518 694 7037.
E-mail address: dearborr@acp.edu (R.E. Dearborn).
0012-1606/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2008.01.010same pathway (Butler et al., 2002). VDUP1 expression is also
up-regulated in response cellular stresses (e.g. Kim et al., 2004)
and by TGFβ-1 signaling in tumor cells (Han et al., 2003).
While VDUP1 has well-established roles in regulating cell
proliferation (e.g. Schulze et al., 2002), its roles in normal cell
differentiation and development are poorly understood. Vitamin
D3 has been shown to affect differentiation of dendritic cells of
the immune system (Piemonti et al., 2000; Griffin et al., 2001),
although the mechanism of this effect has not been defined.
More recently, VDUP1 itself has been shown to be required for
the development of natural killer cells (Lee et al., 2005) indi-
cating that VDUP1 function extends beyond cell-cycle regula-
tion. VDUP1 is expressed within the nervous system (Butler
et al., 2002), and has been identified as an early response gene in
the apoptotic pathway in cerebellar granule neurons (Saitoh
et al., 2001). While these studies hint at a larger scope of
VDUP1 function, the data are limited and derived primarily
through biochemical approaches. Many potential regulatory
molecules and roles may have been missed by such studies. A
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organism, would provide novel insights into VDUP1 regulation.
To address the role of VDUP1 during development, and to
identify novel regulators, we turned to Drosophila as a model
system.
The thioredoxin pathway through which VDUP1 exerts its
canonical influence is conserved in bacteria and eukaryotes,
including Drosophila (Salz et al., 1994). Database searches
identified a single Drosophila homolog of VDUP1 (dVDUP1).
We focused on the characterization of VDUP1 function during
development of the Drosophila nervous system, which is well
characterized and stereotyped (Meinertzhagen and Hanson,
1993; Younossi-Hartenstein et al., 2003; Dearborn and Kunes,
2004). Our findings show that dVDUP1 is expressed dynami-
cally in the nervous system throughout development and is
prominent in post-mitotic glia. These initial data suggested that
dVDUP1 might be a target for regulators of gliogenesis, a
possibility that we investigated in more detail.
Mechanisms governing gliogenesis are conserved between
Drosophila and humans. Specification of glial cell fate (with
the exception of midline glia) in Drosophila requires the cell-
fate determination gene glial cells missing (gcm; Hosoya et al.,
1995; Jones et al., 1995). A second, related, gcm gene (gcm2;
Alfonso and Jones, 2002), acts in conjunction with gcm to fur-
ther promote glial differentiation. Two gcm homologues have
been identified in humans (Gcm1 and Gcm2; Kammerer et al.,
1999; Kanemura et al., 1999) and Gcm1 contributes to glial
subtype differentiation in cell culture (Iwasaki et al., 2003) even
though the mammalian brain apparently expresses little GCM
(Hashemolhosseini et al., 2002). In Drosophila, GCM induces
the expression of three transcription factors in glial cells, Point-
edP1 (PNTP1; Klambt, 1993), Tramtrack p69 (TTK69; Giesen
et al., 1997) and Reversed Polarity (REPO; Xiong et al., 1994),
which control gliogenesis, although only REPO is expressed
exclusively in glia (Yuasa et al., 2003). REPO is a paired-like
homeodomain protein required for the maintenance of glial
function (Halter et al., 1995; Yuasa et al., 2003), although the
range of REPO targets is poorly understood. Two consensus
REPO binding sequences, CAATTA, (Halter et al., 1995; Yuasa
et al., 2003) are located in the 5′ region of the dvdup1 gene.
Mammals, including humans, express a number of homeodo-
main proteins with homologies to REPO including Chx10 (Liu
et al., 1994) and Gtx (Komuro et al., 1993), which function in
the determination of neuroretina and glial cells, respectively.
In this paper, we demonstrate that transfection of the Dro-
sophila VDUP1 homolog (dVDUP1) into human cancer cells
suppresses AP-1 dependent transcription, indicating evolution-
ary conservation of the VDUP1/thioredoxin/AP-1 pathway. The
evolutionary conservation of VDUP1 function in AP-1 regu-
lation between Drosophila and humans suggested that devel-
opmental functions of VDUP1 might be conserved as well.
dVDUP1 is expressed in nervous system tissues throughout
Drosophila development, including REPO-positive embryonic
glia. Co-expression of dVDUP1 and REPO is maintained
through the larval third instar stage where most optic lobe glial
subtypes express both genes, suggesting a regulatory relation-
ship. In the homozygous viable hypomorphic mutant, repo1(Xiong et al., 1994), dVDUP1 expression in these same pre-
sumptive glia is absent. In addition, ectopic expression of REPO
is sufficient to induce dVDUP1 expression in the brain and non-
neuronal tissues. The human VDUP1 gene contains consensus
binding sites for both GCM and REPO-like homeodomain
proteins. Taken together, these data suggest that VDUP1 might
be a novel target for paired-like homeodomain transcription
factors (including REPO) in both humans and Drosophila.
Methods
Creation of a rat VDUP1/GFP fusion protein
A 1.15 kb EcoRI/XbaI fragment of rat VDUP1 containing the entire coding
region was generated by polymerase chain reaction (PCR) and inserted in-frame
upstream of the coding region for green fluorescent protein (GFP) in a
pcDNA3.1/CT-GFP plasmid using a GFP Fusion TOPO TA Expression Kit
(Invitrogen Corporation, Carlsbad, CA). Construct function was verified via
Western Blot, immunocytochemical analyses of transfected U-87 glioma cells,
and an AP-1 dependent luciferase assay (see below).
Western blotting
Protein extracts derived from fly tissues or cell culture fractions were
quantified and loaded in equal concentrations on 8% SDS-polyacrylamide gels
(BioRad). Electrophoretically separated samples transferred to nitrocellulose
membrane were probed using a mouse monoclonal anti-VDUP1 antibody
(1:2500; MBL International, Woburn, MA) and visualized by chemilumines-
cence detection. Duplicate gels were probed for anti-β-tubulin (Developmental
Studies Hybridoma Bank; M. Klymkowsky; E7, 1:1000) to verify equal protein
loading.Western blots were imaged using a Cohu 6100 series camera attached to
a Gel Doc-IT Imaging System (UVP, Inc., Upland, CA). Data were acquired
using VisionWorks LS Image Acquisition/Analysis Software (UVP, Inc.,
Upland, CA).
Plasmid transfection and AP-1-dependent luciferase assays
A 1.5 kb KpnI/XbaI fragment of dVDUP1 containing the entire coding
region was generated by PCR from a pOT2 cloning vector (RE30730, Dro-
sophila Genomics Resource Center, Indiana University) and inserted into a
pcDNA3 plasmid vector. MCF-7 human breast cancer cells, cultured in RPMI
1640 medium containing 10% fetal calf serum, were plated in 6-well plates
(2×105 cells/well) and co-transfected with equal amounts of pcDNA3 vector
and AP-1/luciferase plasmid (Stratagene, La Jolla, CA), pcDNA3-rVDUP1
(Young et al., 1996; the rat and human homologues differ in only 13 amino
acids) and AP-1/luciferase plasmids, or pcDNA3-dVDUP1 (CG7047 full-length
cDNA) and AP-1/luciferase plasmids. A β-galactosidase plasmid was also
transfected along with the other plasmids in order to standardize transfection
efficiency.
24 h after transfection, cell extracts were prepared according to instructions
supplied with the luciferase assay kit (Promega, Madison, WI) and the extracts
were analyzed for VDUP1 expression by Western blotting or for luciferase
activity. AP-1 dependent luciferase activity was determined with a luciferase
assay kit using a luminometer. The data (relative light units) from each extract
were normalized to β-galactosidase activity to account for differences in trans-
fection efficiency.
BrdU labeling of S-phase cells
Late larval third instar stage brains were dissected in Grace’s medium
(Sigma) and subsequently incubated in Grace’s medium containing 100 μg/ml
bromodeoxyuridine (BrdU; Sigma) for 1 h at 22 °C. Specimens were sub-
sequently processed for immunocytochemistry as described by Kunes et al.
(1993). Following successive incubation with mouse anti-VDUP1 (1:200)
primary and Cy3-Fab conjugated secondary antibodies, the brains were incu-
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described by Kunes et al. (1993), and incubated successively with mouse anti-
BrdU (1:50) primary and Cy5-Fab conjugated secondary antibodies overnight at
4 °C. Specimens were viewed on a Zeiss LSM510 META confocal microscope.
Immunocytochemistry and imaging
Immunocytochemical staining of late larval third instar brains was
performed essentially as described by Kunes et al. (1993). Embryos were
dechorionated for 2 min in 100% Clorox, rinsed thoroughly with dH2O, and
devitellinized in a solution containing 1XPBS/67 mM EGTA, 2% formalde-
hyde, and 50% heptane for 10 min on a nutator. Following extraction with
methanol, fixed, devitellinized embryos were rehydrated in PBT, and processed
for immunocytochemistry as per larval brains. For mammalian cells, U-87
glioma cells cultured on coverslips were fixed for 20 min in 4% formaldehyde,
and processed for immunocytochemistry as per Drosophila tissues and
mounted in Vectashield (Vector Laboratories, Inc., Burlingame, CA 94010).
Primary antibodies were used at the following dilutions: rabbit anti-EPH
(1:200), goat FITC or Cy3 conjugated anti-HRP (1:100), mouse monoclonal
anti-VDUP1 (MBL International clone JY21; 1:200), mouse anti-BrdU (Sigma;
1:50), rabbit polyclonal anti-calreticulin (Affinity BioReagents, 1:1000), FITC
conjugated anti-phalloidin (Sigma; 1 μM). The following monoclonal anti-
bodies obtained from the Developmental Studies Hybridoma Bank developed
under the auspices of the NICHD and maintained by the University of Iowa,
Department of Biological Sciences, Iowa City, IA 52242 were used: rat anti-
Elav (G.M. Rubin; 7E8A10 1:50), mouse anti-REPO (C. Goodman; 8D12,
1:10). Secondary antibodies (Jackson ImmunoResearch) were used at the
following dilutions: Cy3 or Cy5 goat anti-mouse (1:100), Cy3 or Cy5-goat anti-
rabbit (1:500), HRP-conjugated goat anti-mouse IgG (1:100). Fab fragment-
conjugated secondary antibodies were used for double-labeling experiments
involving two mouse primary antibodies (sequential primary/secondary anti-
body labeling for each antigen target) at the same concentrations indicated
above. Specimens were viewed on a Zeiss LSM510 META confocal micro-
scope at a total magnification of 630X. Analyses were performed primarily
through confocal microscopy. While single optical sections are shown through-
out (to enhance clarity of cellular resolution) all images are representative of
data acquired following complete optical sectioning and analysis. Interpreta-
tions are therefore based on information derived from multiple planes and
projections.
Generation of P[UAS-dvdup1] transgenic flies and rescue
experiments
A full-length dvdup1 coding region was modified by PCR to include 5′ NotI
and 3′ XhoI sites, amplified from cDNA (RE30730, Drosophila Genomics
Resource Center, Indiana University) and inserted into the transformation vector
pUAST (Brand and Perrimon, 1993). Transformation of Drosophila was per-
formed commercially (Rainbow Transgenic Flies, Inc., Newbury Park, CA). To
assess rescue of embryos homozygous for Df(3L)Exel6083, the following
crosses were used: (1) y,w, P{UAS-dvdup1};;Df(3L)Exel6083/Tb×elav-GAL4/
P{y+}CyO ; Df(3L)Exel6083/Tb and (2) y,w, P{UAS-dvdup1};;Df(3L)
Exel6083/Tb×P{tub-GAL4}, P{UAS-CD8::GFP}/ P{y+}CyO.
Misexpression of P[UAS-repo] and P[UAS-gcm] transgenes
Patterned expression of P[UAS-repo] (Lee and Jones, 2005) and P[UAS-
gcm] (Alfonso and Jones, 2002) transgenes was accomplished using the UAS-
GAL4 system (Brand and Perrimon, 1993). All crosses were grown at 25 °C and
immunohistochemical analyses performed on embryo through late third instar
larval stages. For flp-outGAL4 experiments, larvae were subjected to heat shock
at 37 °C for 20 min (act5C N y+NGAL4 or tubN y+NGAL4 ) at various
developmental stages to induce expression of an hsFLP transgene. GAL-4
expressing cells were labeled directly by co-expression of a P[UAS-CD8::GFP]
transgene. The following crosses were used: (A) y,hsFLP122; UAS-repo (2nd or
3rd chromosome insertions) X y,w; UAS-CD8::GFP, act5C Ny+NGAL4/y+CyO
(‘N’ indicates the position of an FRT site in the respective construct), (B) elav-
GAL4/CyO X UAS-repo (2nd or 3rd chromosome insertions), (C) elav-GAL4/CyO X UAS-gcm, (D) P[Gawβ]71B X UAS-repo (2nd or 3rd chromosome
insertions), and (E) tub-GAL4::UAS-CD8::GFP X UAS-repo (2nd or 3rd chro-
mosome insertions).Results
Subcellular expression profiles and conservation of VDUP1
function in Drosophila and human cells
A single Drosophila ortholog of mammalian VDUP1 was
identified by homology searches (dvdup1; Fig. 1), subsequently
cloned into a commercial vector, and characterized initially
through biochemical and cell transfection assays (Fig. 2).
dVDUP1 contains a number of cysteine residues consistent with
a role as a substrate for TRX. dVDUP1 appears to be maternally
inherited (see Fig. 3) and exhibited dynamic expression patterns
throughout development. Notably, increased expression of
dVDUP1 during embryogenesis coincided with nervous system
development, an association maintained at later developmental
stages (e.g. Fig. 6).
Although the vdup1 loci in both Drosophila and humans are
predicted to encode single polypeptides (Fig. 1; Young et al.,
1996), several VDUP1 isoforms predominate (Figs. 2A–D).
The lower molecular weight VDUP1 isoforms (45 kDa) are
predicted from amino acid sequence data and recognition of
these isoforms provided one indication of antibody specificity.
Higher molecular weight immunoreactive isoforms (55 and
60 kDa species in human cells; 75 kDa in Drosophila) were
associated with both nervous system tissues and nuclear
localization. A 75 kDa hVDUP1 isoform was also observed,
but is not visible in the blot shown (Fig. 2B′). In Drosophila,
the 75 kDa dVDUP1 isoform was enriched in nervous system
extracts (compare Figs. 2A, A′). This isoform was not detected
in embryonic extracts staged prior to differentiation of the
nervous system (data not shown). Interestingly, the larger
molecular weight hVDUP1 isoforms (60 and 75 kDa) were
localized to the nuclei of glioma cells (Fig. 2B′) but were not
found in transfected MCF-7 cells (Fig. 2D′). VDUP1
subcellular distribution was further investigated in transfected
glioma cells using a rat-VDUP1/GFP fusion protein (Fig. 2C).
rVDUP1/GFP nuclear expression was enhanced relative to
cytoplasm (Fig. 2Cʺ). The overlapping expression patterns of
the GFP reporter (Fig. 2Cʺ) with VDUP1 (Fig. 2C′; both
endogenous and transgene induced) provided additional,
independent confirmation of antibody specificity.
Repression of AP-1-dependent transcription via thioredoxin
(TRX), to initiate cell-cycle arrest, is one well-characterized
function of VDUP1. To establish orthologous dVDUP1 func-
tion, we assessed the ability of dVDUP1 to repress AP-1-de-
pendent transcription of a luciferase reporter construct trans-
fected into MCF-7 cells (see Methods). MCF-7 cells express
little endogenous VDUP1 (Fig. 2D, lane 1) facilitating detection
of induced VDUP1 following transfection (Fig. 2D). Expres-
sion of rVDUP1 and dVDUP1 following transfection signifi-
cantly reduced AP-1-dependent transcription by 69% and 35%,
respectively (Fig. 2D′). The ability of each VDUP1 to inhibit
AP-1 dependent luciferase activity was proportional to the level
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dVDUP1 compared to rVDUP1 (Fig. 2D; representative data;
loads normalized to β-galactosidase expression from a co-transfected control plasmid). The reasons underlying this dif-
ference in protein expression remain unclear but do not appear
to be related to transfection efficiency.
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examined actively dividing cells in the Drosophila larval third
instar brain for down-regulation of dVDUP1 expression, a
prerequisite for AP-1-mediated cell cycle progression and entry
into S-phase. During this period, brain growth is orchestrated by
distinct cell proliferation centers, which include the outer and
inner proliferation centers (OPC and IPC, respectively; Figs. 2E,
F). BrdU-labeled S-phase cells of the OPC and IPC down-
regulated dVDUP1; conversely, cells expressing high levels of
dVDUP1 did not incorporate BrdU (Figs. 2E, F). The proli-
ferative state of these cells further correlated with dVDUP1
subcellular localization. In non-proliferating neurons, nuclear
dVDUP1 expression was detected, in contrast to the absence of
dVDUP1 expression in the nuclei of proliferating cells (Fig. 2E′,
inset). These observations are consistent with experiments de-
monstrating a requirement for nuclear translocation of VDUP1
to suppress AP-1-dependent transcription (Nishinaka et al.,
2004). Thus, within the developing Drosophila brain, dVDUP1
functioned as a canonical cell-cycle regulator.
Expression of dVDUP1 during embryonic nervous system
development
Expression of dVDUP1 in unfertilized eggs (Fig. 3A′) and
developing oocytes (data not shown) indicated maternal inhe-
ritance. Ubiquitous expression of dVDUP1 spanned the syn-
cytial blastoderm stage (Fig. 3B′) through cellularization of the
blastoderm. Subcellular localization of dVDUP1 vacillated
between the cytoplasm and nucleus during this period (compare
dVDUP1 distribution in Figs. 3B′ and 5G), consistent with
VDUP1-dependent cell-cycle regulation, although this was not
confirmed using mitotic markers. One identifiable cell type at
this stage, the pole cells, clearly expressed dVDUP1 (Fig. 3B′,
arrows). By stages 10–11, dVDUP1 expression patterns became
more restricted, adopting segmental and cell-specific associa-
tions (Fig. 3C′, arrowheads). Robust expression of dVDUP1 in
denticles and the developing nervous system was evident by
stage 13 (Fig. 3D′). Segmental expression of dVDUP1 persisted
through the latter stages of embryogenesis (Fig. 3E′, stage 16),
and was associated with both neurons and non-neuronal cells.
The patterned expression of dVDUP1 evident by stage 10
coupled with expression in the developing nervous system sug-
gested a relationship between dVDUP1 and neurogenesis. In the
early embryonic head (stages 9–10, Figs. 4A and B), dVDUP1
was expressed most robustly in cells of the neurectoderm that
had yet to turn on expression of the neuronal marker elav
(White et al., 1983). Down-regulation of dVDUP1 was coin-
cident with delamination and segmentation of neuroblasts (Figs.
4A′ and B′; e.g. Campos-Ortega and Hartenstein, 1985;
Goodman and Doe, 1993; Younossi-Hartenstein et al., 1996).Fig. 1. The Drosophila VDUP1 (dvdup1) genetic locus. (A) The Drosophila VDUP
and 5 exons (black boxes) which span 2330 base pairs and is predicted to encode a s
KG05089) lays 53 base-pairs upstream of the CG7047 transcription start site. Th
(CAATTA) upstream of the transcriptional start site (located at ∼−2 kb and ∼−1 kb
Drosophila VDUP1 share a 25% identity and 47% similarity globally, including an ab
three conserved tyrosine residues (highlighted in red).Towards the end of embryogenesis (stages 14–16, Fig. 4C)
dVDUP1 expression was up-regulated in elav-positive neurons,
although to varying degrees (Fig. 4C′). This pattern of dVDUP-1
down-regulation within presumptive neuronal precursors fol-
lowed by variable up-regulation in differentiating neurons
persisted during post-embryonic development (Fig. 4D). At
the larval third instar stage, cell populations within the brain
exhibited dynamic dVDUP1 expression patterns. Neuroblasts
often expressed the highest levels of dVDUP1 while dVDUP1
expression in differentiating elav-positive neurons ranged from
robust to undetectable (Fig. 4D′).
In contrast to the variability of dVDUP1 expression during
neurogenesis, expression of dVDUP1 during gliogenesis was
both robust and sustained (Figs. 4E, F and 6). Co-localization of
dVDUP1 and the glial marker REPO was evident by stage 12
(Fig. 4E) and persisted throughout the latter stages of embryo-
genesis (stages 14–16, Fig. 4F). All embryonic glia appeared to
express dVDUP1 robustly, suggesting that dVDUP1 might be a
target for genes acting during gliogenesis. The presence of
consensus binding sequences for the glial-specific transcription
factor REPO in the 5′ regulatory region of the dvdup1 gene
(Fig. 1A) supported this hypothesis, which was investigated in
further detail.
Mutations affecting gliogenesis eliminate dVDUP1 expression
in affected cell types
In the latter stages of wild-type embryonic development,
coincident expression of dVDUP1 and REPO was conspicuous
in a variety of glial subtypes associated with the supraesophageal
ganglion and ventral nerve cord (Fig. 5A; see Hartenstein et al.,
1998). To more clearly define regulatory relationships asso-
ciated with gliogenesis, dVDUP1 expression was examined in
mutant lines affecting the well-characterized glial fate genes,
GCM (Hosoya et al., 1995) and REPO (Xiong et al., 1994;
Halter et al., 1995; Yuasa et al., 2003). REPO/dVDUP1-positive
glia were severely reduced in repo1 embryos (Fig. 5B) and
absent in gcmra87 embryos (Fig. 5C). Neuronal expression of
dVDUP1 was unaffected in these mutants (Figs. 5B′ and C′),
supporting the interpretation that gcm and repo act upstream of
dvdup1 to regulate dVDUP1 expression during gliogenesis.
Biochemical analyses of dVDUP1 expression in stage 14–16
repo1 embryos revealed an approximate 5-fold reduction in
dVDUP1 levels relative to wild-type, including a notable
reduction in expression of the 75 kDa isoform (Fig. 5E). This
dVDUP1 isoform was previously associated with nervous sys-
tem differentiation and nuclear localization of dVDUP1 (Fig. 2).
Characterization of dvdup1 mutations has not been reported
but include several deficiency aberrations, the smallest of which
[Df(3L)Exel6083] deletes only 6 genes including dvdup1. Df1 locus (dvdup1; CG7047, cytological location 61B2) is comprised of 4 introns
ingle polypeptide 342 amino acids in length. A single P-element insertion (P{P}
e dvdup1 locus contains two consensus REPO homeodomain binding motifs
respectively). (B) Multiple species alignment of VDUP1 proteins. Human and
solutely conserved cysteine (highlighted in yellow; hCys267 and dCys265) and
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dvdup1 null-phenotypes. Df(3L)Exel6083 homozygotes exhib-
ited embryonic lethality, arresting frequently by stage 8. Blas-
toderm-staged specimens were readily identifiable by their
absence of dVDUP1 staining (Fig. 5F). More rarely, late-stage
Df(3L)Exel6083 homozygous specimens were observed (Fig.
5E). These embryos lacked both dVDUP1 immunoreactivity
(Fig. 5E′) and REPO-positive glia (Fig. 5E). These data demon-
strated specificity of the anti-mouse monoclonal VDUP1 anti-
body and suggested that dVDUP1 is required for the propagation
of glial differentiation. To support this hypothesis, we performed
dVDUP1 rescue experiments in a Df(3L)Exel6083 homozygous
background. Pan-neuronal expression of a UAS-dvdup1 trans-
gene using an elav-GAL4 driver was sufficient to rescue Df(3L)
Exel6083 embryonic lethality (Fig. 5H). High levels of dVDUP1
expression were obtained using this driver line (Fig. 5H′),
facilitating development until early larval second instar in some
cases (data not shown). Global expression of the same UAS-
dvdup1 transgene using a tub-GAL4 driver also rescued Df
(3L)Exel6083 embryonic lethality, but only into early larval
first instar stages (Fig. 5I). REPO-expressing glia were also
restored in these experiments (Fig. 5I′, arrowheads), suggest-
ing that dVDUP1 itself might influence REPO expression.
Nervous system expression of dVDUP1 persists throughout
development and correlates with glial differentiation at the
larval third instar stage
We next investigated dVDUP1 post-embryonic expression
patterns, focusing on the larval third instar brain (Fig. 6) whose
stereotyped development provided an amenable context for the
investigation of dVDUP1 function, including gliogenesis (e.g.
Meinertzhagen and Hanson, 1993; Younossi-Hartenstein et al.,
2003; Dearborn and Kunes, 2004). At this stage, the assembly
of functional visual system circuitry is coordinated by retinal
axon ingrowth to target centers in the brain, which triggers
neurogenesis (e.g. Huang and Kunes, 1996, 1998) and initiates
glial migration to stereotyped positions within the brain (Dear-
born and Kunes, 2004). At proximal regions of the developing
optic lobe, clusters of lobula neuronal precursors expressed high
levels of dVDUP1 (Fig. 6Aʺ). Medulla cortical neurons also
expressed high levels of dVDUP1 (Fig. 6Dʺ). Interestingly,
dVDUP1 expression was apparent on the axon termini of
medulla cortical neurons, as evidenced by dVDUP1 immunor-
eactivity in the medulla neuropile (e.g. Fig. 6Dʺ).Fig. 2. VDUP1 cellular distribution and conservation of function in Drosophila and h
0–10 embryos (A) and larval third instar nervous system (A′) extracts (Western blot;
isoforms at 45 kDa and 55 kDa were detected in cytoplasmic extracts while higher mo
(C, C′, Cʺ) Co-localization of VDUP1 (anti-VDUP1, red, shown alone in panel C′) a
rat-VDUP1/GFP fusion protein. Anti-calreticulin (blue) was used as a cytoplasmic
transfected with pcDNA3 vector only (lane 1), pcDNA3-rVDUP1 vector (lane 2), or p
(n=5, SEM=7.4; pb0.001, ANOVA analysis) in the presence of rVDUP1 and 35% (
dVDUP1 expression in S-phase cells of wild-type larval third instar brains stained for
and dVDUP1 (anti-VDUP1, red and grayscale). (E, E′) Distal focal plane showing the
positive cells (yellow arrowheads) relative to non-proliferating cells (white arrowhead
(IPC). In contrast to non-dividing cells (white arrowheads), cells of the IPC that incor
stalk; Med n'pil, medulla neuropile; Med cortex, medulla cortex. Scale bar in panelWhile differentially expressed in neurons, dVDUP1 expres-
sion was conspicuously robust in the majority of glia throughout
the brain, similar to embryonic expression profiles. Glia were
identified by REPO immunoreactivity (Xiong and Montell,
1995) or by expression of a GFP reporter construct (repo-
GAL4::UAS-CD8::GFP; Dearborn and Kunes, 2004). In the
lamina, the most distal region of the developing brain, surface
glia (Pereanu et al., 2005), marginal lamina glia (Tix et al.,
1997), and epithelial lamina glia (Tix et al., 1997) expressed
dVDUP1 (Figs. 6A, B). An exception was the retinal basal glia
of the optic stalk, which did not express dVDUP1 (Fig. 6Aʺ). In
the more proximal medulla region, both medulla neuropile glia
(Fig. 6C) and inner chiasm glia expressed dVDUP1 (Fig. 6D).
Thus, most glial subtypes maintained dVDUP1 expression
throughout development, consistent with a role for dVDUP1 in
mediating glial differentiation.
REPO activity affects expression of dVDUP1
The confluence of data strongly suggested a regulatory in-
fluence of REPO on dVDUP1 expression during gliogenesis,
which we tested directly through ectopic expression of a UAS-
repo transgene (Lee and Jones, 2005) and through examination
of repo1 mutants (Xiong et al., 1994) at the larval third instar
stage. When viewed from a horizontal perspective, a subset of
R-cell axons (R1–R6) terminate in a layer bounded distally by
dVDUP1-positive epithelial glia and proximally by dVDUP1-
positive medulla neuropile glia (Figs. 7A, A′). In repo1 mu-
tants, however, dVDUP1 expression was absent in the epithelial
and medulla neuropile glial layers (Figs. 7B, B′). A similar
absence of dVDUP1 expression in these glial layers was
observed in optomotor-blind (omb; Poeck et al., 1993) mutants,
a gene that affects both neurogenesis and gliogenesis in the
developing optic lobe (data not shown). Loss of glial dVDUP1
expression in repo1 mutants was generalized. In repo1 mutants,
dVDUP1 expression in surface glia was either absent (Fig. 7D′,
yellow arrowhead) or severely reduced (Fig. 7D, red arrow-
head). The presence of non-neuronal, weakly dVDUP1 immu-
noreactive cells (Fig. 7D′, inset), supported the interpretation
that dVDUP1 expression in glia was dependent on REPO
activity. dVDUP1 expression in inner chiasm glia (Fig. 7E′) was
likewise absent in repo1 mutants (Fig. 7F′). Neuronal expres-
sion of dVDUP1 (compare lobula staining in Figs. 7C′ and D′)
did not appear to be affected in repo1 mutants. Thus, as was the
case during embryogenesis, post-embryonic loss of REPOuman cells. Expression of 45 kDa and 75 kDa dVDUP1 isoforms in pooled stage
25 μg total protein). In U-87 glioma cells (B, B′; 50 μg total protein), hVDUP1
lecular weight isoforms (e.g. 60 kDa) were predominate in nuclear extracts (B′).
nd GFP (green, shown alone in panel Cʺ) in U-87 glioma cells transfected with a
marker. (D) Western blot (50 μg total protein) of MCF-7 breast cancer cells
cDNA3-dVDUP1 (lane 3). (D′) AP-1-dependent transcription was reduced 69%
n=5, SEM=5.7; pb0.001, ANOVA analysis) in the presence of dVDUP1. (E, F)
horseradish peroxidase (anti-HRP, green), bromodeoxyuridine (anti-BrdU, blue),
outer proliferation center (OPC). dVDUP1 expression was diminished in BrdU-
s; note inset). (F, F′) Proximal focal plane showing the inner proliferation center
porated BrdU (yellow arrows) did not express dVDUP1. Lam, lamina; OS, optic
Cʺ=10 μm, scale bar in panel F′=20 μm.
Fig. 3. Expression of dVDUP1 during embryonic development. Wild-type (yw) embryos were stained for dVDUP1 (anti-VDUP1, red in panels A–E, grayscale in
panels A′–E′) and either phalloidin (anti-phalloidin, green in panels A–C) or horseradish peroxidase (anti-HRP, green in panels D and E). (A, A′) Unfertilized eggs
(section ∼10 μm beneath surface). (B, B′) Syncytial blastoderm stage (section several μm beneath surface; arrows indicate pole cells). (C, C′) Stage 10–11 (lateral
view; arrowheads indicate segmental expression). (D, D′) Stage 13 embryo (ventral view; arrowheads demarcate the nervous system). (E, E′) Stage 16 embryo (ventral
view; red arrowhead=neuronal expression, yellow arrowhead=non-neuronal expression). All images are composites of two separate confocal images (anterior and
posterior) aligned to show the entire embryo. Scale bar in panel E′=50 μm for all panels.
496 N.V. Mandalaywala et al. / Developmental Biology 315 (2008) 489–504activity was correlated with a loss of dVDUP1 expression in
most glial subtypes.
If dVDUP1 was a downstream target for GCM and REPO
activity during gliogenesis, then ectopic expression of GCM
and REPO should result in up-regulation of dVDUP1 in
affected cells. To test this hypothesis, we utilized the UAS-
GAL4 expression system (Brand and Perrimon, 1993) to ecto-
pically express UAS-gcm (Alfonso and Jones, 2002) and UAS-
repo (Lee and Jones, 2005) transgenes under control of a variety
of GAL4 driver lines (Fig. 8). In contrast to wild-type dVDUP1
expression patterns (Fig. 8A), pan-neuronal expression of UAS-
gcm using an elav-GAL4 driver resulted in the coincidentectopic up-regulation of both REPO and dVDUP1 in a variety
of cell types, notably neuroblasts and retinal ganglion cells of
the eye disc (Fig. 8B). Other driver combinations produced
ectopic dVDUP1-positive glia as well. For example, P[Gawβ]
71B-mediated (Brand and Perrimon, 1993) expression of UAS-
repo consistently generated ectopic dVDUP1-positive glia
throughout the distal regions (e.g. lamina level) of the deve-
loping optic lobe (Fig. 8C). Similar results were obtained
using the P[Gawβ]c315a driver, which expresses GAL4 in
the OPC and LPC of the larval third instar brain (Manseau
et al., 1997; data not shown). Misexpression of UAS-repo in
embryonic neurons using an elav-GAL4 driver (e.g. Lin and
Fig. 4. dVDUP1 expression patterns during neurogenesis and gliogenesis. dVDUP1 was visualized using anti-VDUP1 (red color in panels A–F, grayscale in
panels A′–F′), neurons using anti-Elav (blue color in panels A–D), and glia using anti-REPO (blue color in panels E and F). Cell architecture was revealed using anti-
HRP (green color in panels A–E) or phalloidin (green color in panel F). All panels show lateral views of embryos except for panel D, which is larval third instar.
Nervous system expression of dVDUP1 in during stages 9 (A, A′), 10 (B, B′), and 14–16 (C, C′). The highest levels of dVDUP1 expression were associated with
neuroblast precursors of the neurectoderm (ne; white or yellow arrowheads). Down-regulation of dVDUP1 expression coincided with neuronal differentiation and
delamination of neuroblasts (red arrowheads). During later stages of embryogenesis (C, C′), dVDUP1 expression was up-regulated in many developing neurons (note
ventral nerve cord in panel C′). (D) Post-embryonic expression of dVDUP1 was associated with neuronal precursors at the larval third instar stage (top white or yellow
arrowheads). Expression of dVDUP1 in Elav-positive neurons ranged from robust (bottom white or yellow arrowheads) to trace (red arrowhead; note also the eye
disc). (E, F) Robust, sustained expression of dVDUP1 in glia. Co-localization of REPO and dVDUP1 (arrowheads) in glia at stage 12 (E, E′) and stage 14–16 (F, F′).
Pr, protocerebrum; vnc, ventral nerve cord; ed, eye disc; os, optic stalk. Dorsal is at the top and anterior at the left. Scale bars in panels D′ and F′=25 μm for all panels.
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both REPO and dVDUP1 (Figs. 8D, E), and subsequent
lethality.
To more clearly assess the effects of REPO misexpression on
dVDUP1, conditional expression of transgenes was induced
used a “FLP-outʺ activated GAL4 driver P[tubα1Ny
+, CD8N
GAL4] (Golic and Lindquist, 1989; Pignoni and Zipursky,
1997) or P[act5CNy+NGAL4] (Ito et al., 1997) to express
UAS-repo in random somatic cell clones induced by heat-shock
FLP (y,hsFLP122). In conjunction with a P[UAS-CD8::GFP]
transgene (Lee and Luo, 1999), GAL4-positive clones expres-
sing REPO were labeled with GFP. REPO was capable of
inducing dVDUP1 expression in tissues other than nervous
system, as demonstrated in Fig. 8F, which shows a small REPO/
dVDUP1/GFP-positive clone in the third larval instar wing disc.
When expressed more ubiquitously at earlier developmental
time points, REPO could affect the global up-regulation of
dVDUP1 (Fig. 8G), which resulted in developmental arrest at
the larval first instar stage. In general, post-embryonic nervous
system tissues exhibited restrictions on induction of REPO/
dVDUP1-positive clones, which were limited to small clusters(1 or 2 cells). Nonetheless, such clones were recurrent, most
frequently occurring in the medulla where ectopic expression of
REPO could induce dVDUP1 expression (Fig. 8H). Taken
together, these gain-of-function experiments demonstrate
dVDUP1 expression can be induced cell autonomously by
GCM or REPO.
Discussion
Conserved and novel functions for the VDUP1 tumor
suppressor
Our initial characterization of dVDUP1 function in Droso-
phila demonstrates a novel and important role for this tumor
suppressor in the development of the nervous system, speci-
fically during gliogenesis as a regulatory target for the homeo-
domain transcription factor, REPO. To what extent is VDUP1
function evolutionarily conserved, though? Single vdup1 loci
are encoded by both the Drosophila and human genomes but
multiple VDUP1 isoforms are expressed in both species. Given
that only single VDUP1 transcripts are found in mammals
Fig. 5. Mutations affecting gliogenesis eliminate dVDUP1 expression in affected cell types. (A–C, E) Stage 14–16 embryos (midline, lateral views) stained for
horseradish peroxidase (anti-HRP, green color), REPO (anti-REPO, blue color), and dVDUP1 (anti-VDUP1, red color). The supraesophageal ganglion is indicated
(SG). (A, A′) In this wild-type specimen, both neuronal and glial (pink/purple staining in panel A) expression of dVDUP1 was evident. Subperineurial glia (SPG),
lateral glia (LG), and cortex glia (CoG) were identifiable. (B, B′) In repo1 homozygous embryos, reduction of dVDUP1-positive glia was observed (arrowheads),
although neuronal dVDUP1 expression was unaffected (compare A′ and B′). (D) Western blot of dVDUP1 expression (top panel) in 25 μg total protein isolated from
stage 14 to 16 yw and repo1 embryos along with an anti-β-tubulin load control (bottom panel). Wild-type animals expressed ∼5-fold more total dVDUP1 than repo1
mutants (representative experiment, reproducible in n=4 separate runs). (C, C′) In gcmra87 homozygous embryos all dVDUP1-positive glia were eliminated (note
absence of REPO staining in panel C), although neuronal dVDUP1 expression was unaffected. (F) Absence of dVDUP1 staining in early stage Df(3L)Exel6083
homozygous embryos, relative to wild-type (G, similar stage as shown in panel F). (E, E′) A rare (n=8 out of ∼200 embryos examined) stage 14–16 Df(3L)Exel6083
homozygous embryo lacking both dVDUP1 and REPO immunoreactivity. (H, H′) Rescue of Df(3L)Exel6083 embryonic lethality to larval first instar by neuronal
expression of a UAS-dvdup1 transgene using elav-GAL4. (I, I′) Rescue of Df(3L)Exel6083 embryonic lethality to larval first instar stage by ubiquitous expression of a
UAS-dvdup1 transgene using tub-GAL4. REPO-positive glia (I′, yellow arrowheads) were also detected. Pr, protocerebrum; vnc, ventral nerve cord. Anterior is to the
left in panels A–D and H, I, to the right for panels F, G. Scale bar in panel E=50 μm for panels A–G; scale bars in panels H and I=100 μm.
498 N.V. Mandalaywala et al. / Developmental Biology 315 (2008) 489–504(Young et al., 1996), the presence of higher molecular weight
isoforms suggests post-translational modification. Phosphoryla-
tion of tyrosines at conserved residues is one possibility. The
function of these VDUP1 isoforms remains to be determined,
although higher molecular weight isoforms were associated
with nervous system cell types in both species and nuclear lo-
calization in human cells. While nuclear localization of VDUP1
appears to be important for cell-cycle regulation (Nishinaka
et al., 2004) and dVDUP1 was excluded from the nuclei of
dividing cells (Figs. 2E, F), potential roles in cell differentiation
have not been described.dVDUP1 showed the remarkable ability to suppress AP-1-
dependent transcription in MCF-7 breast cancer cells, the first
direct demonstration that VDUP1 regulates AP-1 activity, add-
itionally establishing CG7047 as the Drosophila VDUP1 ortho-
log. The degree of suppression was correlated with VDUP1
expression in MCF-7 cells—dVDUP1 expression was consis-
tently lower than rVDUP1 expression. The reasons underlying
this difference remain unclear but were unrelated to transfection
efficiency. Down-regulation of dVDUP1 expression in actively
dividing cells of the Drosophila brain further supported evo-
lutionary conservation of dVDUP1 function (Figs. 2E, F). Thus,
Fig. 6. Glial expression of dVDUP1 is maintained at later developmental stages including the Drosophila visual system. Wild-type larval third instar brains stained for
EPH (blue in panels A–D a neuronal and axonal marker), REPO (green in panels A, A′, B, B′, C, C′, D marked by expression of GFP associated with a repo-GAL4/
UAS-CD8::GFP transgene) and dVDUP1 (red in all panels, shown alone in panels Aʺ–Dʺ, grayscale inset in panel D). In panel D′, neuronal membranes were stained
for horseradish peroxidase (anti-HRP, green color). Near the surface of the brain (A, A′, Aʺ) retinal axons connect to the lamina (Lam) via the optic stalk (OS). The
lamina furrow (LF) marks the anterior boundary of the lamina. dVDUP1 was most robustly expressed in surface glia (SG, white or yellow arrowheads) and cells of the
lobula complex (Lob). Retinal basal glia (RBG, red arrowhead) did not express dVDUP1. At a slightly more proximal focal plane (B, B′, Bʺ), epithelial glia (Ep) and
marginal glia (Ma) were visible. These glia expressed dVDUP1 as well (arrowheads). At proximal levels of the medulla optic ganglion (C), medulla neuropile glia
(MNG) arrayed along the anterior face of the medulla neuropile (Med n’pil) expressed dVDUP1 (arrowheads). At more distal regions of the medulla neuropile inner
chiasm glia (Xi) were visible. Both Xi glia (directly labeled in panel D, inset, arrowheads; positionally inferred in panels D′, Dʺ, arrowheads) and neurons of the
medulla cortex (Med cortex) expressed dVDUP1. Note that the images shown in panels A and C were derived from the same specimen, but from different focal planes.
Scale bar in panel Dʺ=50 μm for all panels.
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a canonical cell-cycle regulator.
dVDUP1 expression during Drosophila nervous system
development: neurogenesis and gliogenesis correlates
dVDUP1 is maternally inherited and ubiquitously expressed
through cellularization of the blastoderm but near the onset ofgastrulation, cell-specific and segmental patterns emerge, nota-
bly within the developing nervous system. Analyses of nervous
system development revealed differences in dVDUP1 expres-
sion patterns related to neurogenesis and gliogenesis, differ-
ences that persisted through post-embryonic stages. During
early procephalic (embryonic head) development (stages 9–10)
the highest levels of dVDUP1 expression were found in Elav-
negative cells of the outer layers of the protocerebrum. This
Fig. 7. Loss of REPO activity abolishes dVDUP1 expression in glia. Comparison of dVDUP1 staining (anti-dVDUP1, red, grayscale in panels A′–F′) in wild-type (A,
C, E) and repo1 (B, D, F) larval third instar brains. Glia were marked by expression of GFP associated with a repo-GAL4/UAS-CD8::GFP transgene in panel C. Neurons
were labeled with anti-Elav (blue) and neuronal membranes by staining for horseradish peroxidase (anti-HRP, green in panels A, B, D–F). (A, B) Horizontal perspective
showing stratification of glial subtypes (arrowheads) into distinct layers. Neurons of the lamina and cortices were visible as well. (A′) Expression of dVDUP1 in
epithelial glia (Ep) and medulla neuropile glia (MNG). (B, B′) Absence of dVDUP1 expression in Ep and MNG in repo1 mutants. (C, D) Lateral view of the lamina.
dVDUP1-positive surface glia (arrowheads) were a conspicuous feature of wild-type specimens (C, C′), but absent in repo1 mutants (D, D′). In repo1 mutants, lamina
furrow surface glia were replaced by dVDUP1-negative “bodiesʺ (white arrowhead, D). Occasionally, weakly dVDUP1-positive (red arrowhead, D), Elav-negative (D′,
color inset high magnification view of boxed region in panel D cells were observed. (E, F) Lateral view of the medulla. dVDUP1 expression in both medulla cortical
neurons and inner chiasm glia (Xi, arrowheads) was apparent in wild-type specimens (E′). In repo1mutants (F) dVDUP1 expression was absent in Xi glia (arrowheads
in panel F′). Lam, lamina; Med n'pil, medulla neuropile; R1–R6 term, termination layer for R1–R6 retinal axons. Scale bar in panel F′=50 μm for all panels.
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yet to delaminate as neuroblasts (e.g. Younossi-Hartenstein
et al., 1996). dVDUP1 expression is transiently down-regulated
in neuroblasts coincident with the onset of Elav expression (e.g.
Fig. 4B′), a pattern reiterated during larval brain development.
Differentiating neurons later up-regulate dVDUP1 expression to
varying extents in both the late embryonic and larval nervous
systems. One possibility is that dVDUP1 represses neuronal
differentiation, a function associated with other glial determin-Fig. 8. Embryonic and post-embryonic induction of dVDUP1 expression by Gcm and
in color panels) expressing cells are shown. Overall architecture (green in color panels
(A–C) Larval third instar optic lobes. (A, A′, Aʺ) In wild-type specimens, dVDUP
reporter, A′), subsets of neuroblasts (arrowheads, nb), and lobula neurons (lob), but
expression (elav-GAL4/UAS-gcm) many cells, including neuroblasts and retinal gang
and dVDUP1 (Bʺ). (C, C′, Cʺ) UAS-repo expression driven by P[Gawβ]71B con
(arrowheads). (D, E) In stage 16 embryos elav-GAL4 misexpression of UAS-re
throughout the peripheral nervous system (E, ventral surface; D, ∼15 μm deeper foc
GFP-labeled clones. (F) Coincident expression of REPO/dVDUP1 in a small tub-GA
Global co-expression of REPO/dVDUP1 in clones throughout the larval first instar br
clone in the medulla expressing REPO/dVDUP1 ectopically. dVDUP1 levels are elev
panels Aʺ–Cʺ, F, Gʺ=50 μm; Eʺ, Hʺ=25 μm.ing factors including repo (Yuasa et al., 2003) and tramtrack
(Giesen et al., 1997). Whether down-regulation of dVDUP1
expression in neuronal precursors facilitates mitosis, or parti-
cipates more directly in the control of neurogenesis, remains to
be determined.
A different pattern of dVDUP1 expression emerges during
gliogenesis. In contrast to neuronal expression, dVDUP1 ex-
pression is sustained in glia throughout embryonic and post-
embryonic development, with the exception of RBG. RBGREPO. REPO (anti-REPO, blue in color panels) and dVDUP1 (anti-VDUP1, red
) was revealed by staining for anti-horseradish peroxidase (B–E) or anti-Eph (A).
1 expression (Aʺ) was prominent in surface glia (repo-GAL4/UAS-CD8::GFP
noticeably absent in the eye disc (ed). (B, B′, Bʺ) In response to ectopic Gcm
lion cells of the eye disc, exhibited coincident up-regulation of both REPO (B′)
sistently generated ectopic dVDUP1-positive glia in the lamina (lam) cortex
po generated numerous ectopic REPO/dVDUP1-positive cells (arrowheads)
al plane). (F–H) Analysis of ectopic REPO expression on dVDUP1 induction in
L4/UAS-repo clone in the wing disc of a larval third instar specimen. (G, G′,Gʺ)
ain induced by tub-GAL4/UAS-repo. (H, H′, Hʺ) A single act-GAL4/UAS-repo
ated relative to normal levels seen in medulla neuropil glia (MNG). Scales bars in
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rajan et al., 1999) as opposed to the other glial types, which
originate from progenitor zones arranged in a proximal-distal
stack within Wingless-positive domains of the outer anlagen
(Dearborn and Kunes, 2004). This distinction in precursor ori-
gin may contribute to the absence of dVDUP1 staining in RBG.
The maintenance of dVDUP1 expression during gliogenesis
suggested that dVDUP1 might function in glial differentiation.
Consistent with this hypothesis, dVDUP1 expression was
disrupted in mutant embryos deficient for the glial cell fate
genes gcm (Hosoya et al., 1995) and repo (Xiong et al., 1994;
Halter et al., 1995; Yuasa et al., 2003). Furthermore, glia were
absent in homozygous Df(3L)Exel6083 embryos, a small
chromosomal deficiency that deletes the dvdup1 locus. Expres-
sion of dVDUP1 rescued both Df(3L)Exel6083 embryonic
lethality and glia, demonstrating that dVDUP1 plays a role in
gliogenesis.
dVDUP1 functions downstream of REPO during gliogenesis
Several lines of evidence suggested that dVDUP1 expression
might be regulated by REPO during glial development. First,
the cis-regulatory region of the dvdup1 gene contains consensus
DNA binding sequences for REPO (Halter et al., 1995; Yuasa
et al., 2003), although direct binding of REPO to the regulatory
region of dvdup1 was not investigated. Second, the co-local-
ization of dVDUP1 and REPO in glia was largely abolished in
repo1 and gcmra87 mutants, and dVDUP1 was measurably
reduced in nervous system extracts from repo1 mutants. The
absence of dVDUP1-expressing glia in larval third instar repo1
mutants was correlated with a lack of REPO activity and not an
alteration in glial cell numbers per se, as presumptive glia
undergo apoptosis later in development (Xiong and Montell,
1995). Indeed, non-neuronal, weakly dVDUP1 immunoreactive
cells occupying glial positions were observed in repo1 brains at
the larval third instar stage, an indication that the presumptive
glia themselves were still present but failed to differentiate
properly. Thus, REPO activity is required to induce dVDUP1
expression in glia, a generalized relationship that begins in
embryogenesis and persists through larval development. Lastly,
conditional expression of GCM or REPO induced ectopic co-
expression of REPO and dVDUP1 in targeted cells (Fig. 8).
These experiments indicate that the glial fate genes gcm and
repo are sufficient to trigger expression of dVDUP1 and
suggest that dVDUP1 participates in glial differentiation.
Regulation of dVDUP1
In the context of VDUP1 tumor suppressor function, eluci-
dation of VDUP1 regulatory networks is an important step in
our understanding of tumorigenesis. Different cell types likely
control VDUP1 expression through distinct regulatory net-
works. The unique patterns of dVDUP1 expression associated
with neurogenesis and gliogenesis support this notion. The
down-regulation of dVDUP1 within neuronal precursors that
precedes neuronal differentiation suggests that specific negative
regulators exist to control dVDUP1 expression. The identity ofthese putative neuronal regulators of dVDUP1 expression is not
currently known. Our studies have identified GCM and REPO
as positive regulators of dVDUP1 expression during gliogen-
esis, though. Given the evolutionary conservation of both
VDUP1 function and mechanisms governing gliogenesis, these
data suggest that VDUP1 might be a novel target for paired-like
homeodomain transcription factors (including REPO) in both
humans and Drosophila. Interestingly, deregulation of Gcm2
has been linked to tumorigenesis (Maret et al., 2004; reviewed
in Hashemolhosseini and Wegner, 2004), suggesting that the
regulatory program enacted by Gcm is dependent upon deve-
lopmental context. Direct regulation of VDUP1 by Gcm is an
intriguing notion, given the recently uncovered role for Gcm
and Gcm2 in regulating neurogenesis (Chotard et al., 2005) as
well as gliogenesis (e.g. Alfonso and Jones, 2002) in Droso-
phila. Importantly, homology searches of the 5′ upstream region
of the human VDUP1 gene identified consensus binding sites
for both Gcm and REPO-like homeodomain proteins (J.V., un-
published observations).
In conclusion, our data represent the first in vivo develop-
mental studies of VDUP1 expression in the nervous system and
have provided novel insights into dVDUP1 developmental roles
and regulatory controls. Specifically, dVDUP1 expression is up-
regulated downstream of GCM and REPO during gliogenesis.
How VDUP1 affects differentiation in various cell types and the
epistatic relationships that control these processes remains to be
fully determined. The evolutionary conservation of VDUP1
function and pathway components suggests that insights derived
from Drosophila studies will advance our understanding of this
important tumor suppressor in mammalian models as well.
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